INTRODUCTION
Characterization of synthetic oligonucleotides shapes much of our understanding of "native," higher molecular weight DNA and RNA molecules. Although of immense utility, short oligonucleotides usually possess lower structural and thermal stability and have greater end effects than the larger nucleic acid constructs they are intended to model. Hence, the physiochemical properties of oligonucleotides may not always compare favorably to those of larger nucleic acids. [1] [2] [3] [4] [5] [6] [7] [8] [9] Arguably, the most successful approach to stabilize oligonucleotides is to connect the strands that comprise helical structure with a cross-link. 10 -15 Methods to cross-link nucleic acids can generally be divided into two categories. In the first group, crosslinks are formed using an exogenous reagent, like a (bis)electrophile. Because (bis)electrophiles can react with nearly all of the nucleophilic sites on the bases, these agents often have little or no sequence specificity and form complex mixtures of cross-linked aducts. 16 -18 Although some natural products like mitomycin C and synthetic compounds such as cisplatin and psoralen can form lesions at unique sits, these reagents require the presence of specific recognition sites within a target sequence to generate the crosslink. 19 -22 In some cases, cross-link formation by alkylating agents also can have undesirable effects such as disrupting base stacking. 16, 21 Cross-links can also be placed into oligonucleotides through solid-phase synthesis of oligomers site specifically labeled with modified nucleosides that present reactive groups. Positioning the reactive groups in proximity on opposing strands of a helix allows for formation of a cross-link. This second general strategy requires selection of both the loci to be bridged as well as a chemistry to form the crosslink. In one of the most effective examples of this approach, Webb and Matteucci demonstrated that DNA oligomers containing cytosines bearing an aziridine group on the N4 position form cross-links after annealing to a complementary oligomer, and selective opening of the aziridine by the exocyclic amine of an opposing dC or dA. 23 These cross-links have proved useful for some experiments, but this chemistry in particular, and related methods in general, have several limitations. For example, ethano-bridged crosslinks are not formed in high yield, the internal mismatch required to form the cross-link can give rise to (local) disruption of helical geometry, and these cross-links potentially can interfere with protein and drug binding. 24 -26 An alternate location for incorporation of an intrastrand cross-link is at the terminus of helical structure. For example, one end of a duplex can be covalently linked by bridging the 3Ј-and 5Ј-terminal hydroxyl groups with either oligonucleotide, (oligo)glycol, or alkyl linkers to form stem-loop structures ("hairpins"). [27] [28] [29] [30] [31] [32] [33] [34] Both ends of a duplex can also be covalently capped with linkers to generate double hairpins or "dumbbells." [35] [36] [37] [38] [39] [40] [41] [42] [43] Because dumbbells denature in a monomolecular fashion and do not suffer from end effects, they are particularly useful in thermodynamic experiments. 35, 36 However, the synthesis of DNA dumbbells has in some cases proved to be quite challenging, which has limited their utility. 35 In addition, because the linkers are tethered to the terminal hydroxyl groups, some standard enzymatic manipulations such as end labeling are not possible.
Design of an Ideal Cross-Link
Several years ago we set out to develop a simple and general approach to cross-link oligonucleotides that would overcome the drawbacks of other methods. In developing our chemistry, we focused on addressing eight criteria (Table I) . At the outset of this work, it was clearly desirable to incorporate our cross-links by solid-phase synthesis to permit the modifications to be placed site specifically and in close proximity within any given target sequence. Yet it was critical to find chemistry that would be specific and efficient for cross-link formation. We selected thiols as the reactive functional groups because the mild redox chemistry to form disulfide bonds from thiols is specific for sulfur. In addition, disulfide bonds are formed in high yield, often quantitatively, and are stable to a wide variety of solvents and reagents yet are cleaved by reduction. Finally, the use of disulfide bonds to constrain macromolecular architecture has already been demonstrated in the peptide/protein literature. 44 The next step in developing our chemistry was to select the loci for modification. Because cross-links residing in either the major or minor groove could interfere with ligand recognition and hydration, we chose to place our cross-links at the terminus of helical structure. To avoid using the 3Ј-and 5Ј-hydroxyl groups, we decided to modify the terminal bases themselves. This strategy exploited the fact that the terminal residues in duplexes have a reduced stability due to end effects, often referred to as "end fraying." 45 Therefore, altering the hydrogen bonding groups of the two opposing bases at the terminus of a duplex should not adversely affect helical stability, provided the thiol modifications do not disrupt base stacking.
46,47, * While this energetic penalty could be compensated for upon formation of the cross-link, it necessarily limits the overall (thermodynamic) stabilization the cross-link can provide.
When two thymidine residues directly oppose each other in duplex DNA, their N3 positions project toward the center of the helix and converge to about 4.5 Å. Based on this observation, we reasoned that replacing the terminal bases on one or both ends of a duplex with an N3-(alkylthiol)thymidine should be an ideal way to form interstrand disulfide cross-links. Molecular modeling studies suggest that disulfide cross-links can form when the terminal bases of a duplex are replaced with either N3-(methylthiol)thymidine or N3-(ethylthiol)thymidine. Since N3-(methylthiol)thymidine is expected to decompose under the acidic conditions used to detritylate synthetic oligonucleotides, N3-(ethylthiol)thymidine (T* SH ) was chosen ( Figure 1 ). In the following sections we describe key aspects pertaining to the synthesis, structure, dynamics, thermodynamic stability, and in vitro biological properties of our disulfide cross-linked DNA oligonucleotides. We then discuss two applications of our cross-linking chemistry and describe recent experiments using different thiol modified nuclosides to generate disulfide cross-links within RNA secondary and tertiary structure. Last, we provide a brief outline of other methods that have been developed to incorporate disulfide cross-links into nucleic acids.
DISULFIDE CROSS-LINKED DNA DUPLEXES

Synthesis
We explored the properties of disulfide cross-linked DNA duplexes by synthesizing analogues of two pre-* The free energy of a dT ⅐ dT mismatch located at the terminus of a duplex is approximately 1.0 kcal/mol more stable than a dT ⅐ dT mismatch within a duplex.
viously well-studied oligonucleotides. The first is a hairpin whose sequence is derived from the ColE1 cruciform, 48 and the second is the Dickerson/Drew dodecamer ( Figure 2) . 49 Synthesis of 2b, 4b, and 5b was conducted using standard phosphoramidite chemistry using N-benzoyl and N-isobuturyl protected bases. [52] [53] [54] After deprotection and purification of each thiol-modified DNA by reversed-phase high performance liquid chromatography (HPLC), the t-butyl mixed disulfide protecting groups on each sequence were cleaved with dithiothreitol (DTT; ϳ 20 equivalent per thiol, pH 8, 4°C, overnight). Reduced DNA samples were separated from the DTT by reversed-phase HPLC. Disulfide bond formation was performed by dissolving each sample in phosphate buffer (pH 8.3, [DNA] ϳ 2 M) and stirring vigorously at 25°C exposed to air. The reactions were usually complete in 8 h as judged by a negative Ellman's test. The cross-linked DNAs were then isolated by either polyacrylamide gel electrophoresis (PAGE) or HPLC and incorporation of the modified bases was confirmed by enzymatic digestion. Importantly, disulfide bond formation was quantitative.
Structural Studies
The effects of introducing the thiol modifications were first assessed by comparing uv thermal denaturation profiles of 2a to that of the corresponding wildtype sequence. We observed that the T m values are within Ϯ1°C and the transitions are nearly superimposable, which suggests that the thiol linkers do not alter the stability or thermal denaturation pathways of the modified hairpin relative to its unmodified counterpart. 51 These data also suggest that all of the stability conferred by the disulfide bond will be reflected in the cross-linked structure, since there is not a significant energetic penalty for replacing the terminal bases with our N3 thiol modified thymidines. Introducing a disulfide cross-link in 1 increases the T m from 65 to 81°C in low ionic strength buffers. If the [Na ϩ ] Ͼ 100 mM, the cross-linked hairpin denatures above 96°C and T m values cannot be measured by uv spectroscopy. 51 To investigate further the structural effects of the disulfide modification, the solution-phase conformations of 1 and 2b were determined by nmr spectroscopy. 54 The eight base-pair long stem of these sequences adopts a B-form helix whereas the five base long single-stranded loop appears to be flexible and cannot be represented by a unique static conformation. Nuclear Overhauser effect spectroscopy (NOESY) cross-peak volumes, proton (both labile and nonlabile) and phosphorus chemical shifts, as well as both homo-and heteronuclear coupling constants for the cross-linked hairpin are virtually identical to those measured for the unmodified sequence, even for the residues that are proximal to the cross-link. Thus, within the resolution of nmr spectroscopy, the two hairpins are structurally isomorphous. Similar to the results described above for the ColE1 hairpin, replacing one or both of the terminal dG ⅐ dC bases in d(CGCGAATTCGCG) 2 with our modified thymidine does not significantly alter the thermal stability of these duplexes relative to the parent sequence. 53, 55 The exchangeable and nonexchangeable protons along with the 31 P resonances of 4b and 5b were assigned and compared to those data for the parent duplex. We find that the spectra of 5b are virtually identical to those obtained for 3 which strongly indicates that these sequences also adopt very similar structures (because 4b is not symmetric, a direct comparison with either 3 or 5b is not possible). To provide further evidence of this point, two-dimensional (2D) NOESY spectra of 5b as a function of mixing time were measured and interproton distances were obtained from initial buildup plots. These data for 5b are nearly identical to those for the wild-type dodecamer. Based on these findings, along with the results of CD and nuclease-susceptibility experiments, we conclude that our alkylthiol modifications, either on the disulfide cross-linked or reduced and protected forms, do not alter native structure. 53 FIGURE 1 (Top) Synthetic strategy. To place cross-links within a duplex requires synthesizing thiol-modified nucleosides, incorporating the modified bases within a target by solid-phase synthesis, and following removal of all protecting groups, air oxidation to form the cross-link. (Bottom left) Chemical structure of cross-link. During synthesis, the thiol group on T* SH is protected as a tert-butyl mixed disulfide (T* tBu ), and this protecting group is stable to all conditions of solid-phase synthesis, deprotection, and purification. The coupling efficiency of this base is indistinguishable from thymidine (Ͼ99% per cycle). To place T* tBu at the 3Ј-terminus, the 3Ј-hydroxyl group is attached to controlled-pore glass.
Thermodynamic Measurements
Differential scanning calorimetry (DSC) measurements were conducted in collaboration with K.J. Breslauer and co-workers to characterize the thermally induced denaturation of duplexes 3-5. Our goal was to elucidate the thermal and thermodynamic consequences of modifying and constraining DNA via our disulfide chemistry. 53 These experiments represented the first use of calorimetry to investigate the thermodynamic consequences of constraining DNA with disulfide cross-links. The use of calorimetry is critical here because 3 denatures in a non-two-state fashion and cannot be analyzed using a van't Hoff treatment. Consistent with our nmr data, a large energetic penalty is not incurred by replacing the terminal base pair(s) with N3-(ethylthiol)thymidine: the melting temperature (T m ) of 3, 4a, and 5a are Ϯ1°C of each other. The overall free energy for 3, 4a, and 5a are also comparable, and this similarity arises due to compensations in both enthapy and entropy. 55 The DSC measurements suggest that introducing cross-link(s) into 3 results in two changes. First, constraining the dodecamer results in a significant increase in thermal stability. A single disulfide crosslink changes the molecularity of the complex from bimolecular to monomolecular. However, a second disulfide cross-link results in a constrained conformation with a reduced entropy compared to 4b. From the DSC data, we estimate that the cross-link imparts about 3 kcal/mol of stabilization. The change in entropy certainly reflects differences in the native and/or denatured states of 5b as compared to 4b. On first inspection, it would appear that the most likely source for the observed decrease in entropy is the denatured state, since the conformational freedom of the denatured state of 5b is less than that of 4b. However, based on the data, we cannot exclude differential entropic contributions from the native states, as well as influences from differential solvation in both the initial and the final states. Notwithstanding, our data show that the entropy term is responsible for the increase in thermal stability of 5b relative to 4b. To our knowledge, this is the first conformationally constrained nucleic acid system where the increase in melting temperature is predominantly due to a decrease in entropy. 35, 36 
Dynamics Measurements
The static structure of DNA can explain many aspects of its function and properties. However, local basepair opening is implicated in a number of important chemical, biological, and mechanical processes involving DNA. 56 -60 Hence, defining the dynamics of base-pair opening is necessary to fully understand the physiochemical and biological properties of DNA. Although the opening kinetics for several different constructs have been measured, the opening kinetics for oligonucleotides constrained with cross-links (e.g., hairpin loops, glycol bridges, etc.) have not been reported. 60 Therefore, we chose to measure the basepair lifetimes and apparent dissociation constants of 1 and 2b (Figure 2) . 61 Comparison of the lifetimes and apparent dissociation constants for corresponding base pairs of the two hairpins indicates that the crosslink neither increases the number of base pairs in- volved in fraying nor alters the lifetime, dissociation constant, or the opened structure from which exchange occurs for the base pairs that are not frayed. The cross-link does, however, stabilize the frayed penultimate base pair of the stem duplex by increasing the closing rate of this base pair. Significantly, the disulfide cross-link is more effective at preventing fraying than the five base long hairpin loop.
DISULFIDE CROSS-LINKED DNA TRIPLEXES Design
Folding of DNA triple helices based on the pyrimidine ⅐ purine-pyrimidine motif (py ⅐ pu-py; dot ϭ Hoogsteen and dash ϭ Watson-Crick base pairing) is affected by a number of factors including sequence length (i.e., the number of triplets formed), composition, the presence of base-pair mismatches, as well as solution conditions including pH and mono-and divalent counterion concentrations. [62] [63] [64] [65] For example, a major factor in the stability of triplexes that contain C ϩ ⅐ GOC triplets is the necessity of protonation of the N3 position of cytosine, which generally limits the stability of small triple helices of this type to pH values below 7. 66, 67 The narrow pH range required for folding of these triplexes has hampered efforts to assess the physical properties of this motif under physiological conditions. Such data are clearly needed to design triplex sequences of higher affinity and specificity for diagonsitic purposes in vitro and for use in vivo. While methods exist to stabilize py ⅐ pu-py triple helices, they rely on modifications that may alter the native triplex structure.
68,69 Therefore, we designed experiments to determine if covalently locking the third strand of a triplex to the major groove through a structurally nonperturbing disulfide crosslink would afford constructs that are stable under physiological conditions. In other words, can the constraint provided by a disulfide cross-link alter the apparent pK a value of a triplex?
We chose to test this hypothesis using an intramolecular triplex rather than an intermolecular construct because the former should require only one cross-link to link the Hoogsteen strand to the Watson-Crick duplex (Figure 3) . 70, 71 To place a cross-link between the Hoogsteen and Watson-Crick strands, sites of chemical modification on the terminal bases must first be identified. In a T ⅐ TOA triplet, which is analogous to the base-pair substitution used to cross-link the terminus of duplexes (see Figure 1) , the N3 position on the Hoogsteen thymidine and the C5 position of the Watson-Crick thymidine converge. Since the cross-link used for B-form duplexes is inappropriate here, we designed a triplex cross-link using a C5-alkyl thiol modified thymidine 72 (C 3 5 S; where the subscript three is the number of atoms in the linker, including thiol) and N3-(ethylthiol)thymidine (Figure 4) .
The optimal pH for air oxidation of thiols to form disulfide bonds generally is above the pK a of the thiol of interest (ϳ 8.5). At the pK a of many thiols, triple helices containing C ϩ ⅐ GOC base triplets are unfolded because the N3 position of cytosine is not protonated. To form a disulfide cross-link in a pyr ⅐ pur-pyr triple helix, it is necessary to identify a sequence that (partly) folds into a triplex at a pH where cross-link formation readily proceeds. Häner and Dervan reported a 34 base long intramolecular triple helix that remains partially folded up to pH 7.5 at 24°C in buffer containing 25 mM Mg 2ϩ . 73 In principle, therefore, a disulfide cross-link can form under the conditions needed to fold a suitably modified variant of this oligonucleotide ( Figure 5) .
Preparation of triplex sequences containing T* tBu and C 3 5 StBu was achieved via automated solid-phase DNA synthesis using standard protocols with an average stepwise coupling efficiency of Ͼ 98.5%. Removal of the phosphate and base protecting groups followed by reversed-phase HPLC purification provided 7a in about 42% yield (based on a 1 mol synthesis). To form the cross-link, the tert-butyl thiol protecting groups were removed with DTT and the reduced sample was vigorously stirred at room temperature in phosphate buffered saline (pH 7.25, 5 mM MgCl 2 ) while exposed to air. After 24 h, no starting material was observed by HPLC and aliquots from the reaction mixtures tested negative with Ellman's reagent. Cross-linked DNA was purified by reversedphase HPLC to give 7b in ϳ 28% isolated overall yield (based on a 1 mol synthesis; ϳ 75% yield from 7a). Enzymatic nucleoside composition analysis confirmed incorporation of the modified bases and formation of the cross-link, and native and denaturing PAGE indicated that the structure formed is monomeric.
Structural Studies
The imino proton spectra of 6 and 7b were assigned using standard 2D techniques. Under conditions that favor triplex formation (pH 6, 0.5 mM Mg 2ϩ ), the imino proton spectra of both sequences are virtually identical, which indicates that our modifications do not disrupt native triplex structure. 71 When 6 or 7a is titrated from pH 6 to 8, dissociation of the third strand is observed. By contrast, cross-linked triplex 7b is conformationally stable over this pH range and only begins to unfold at pH ϳ 9. Moreover, 7b is stable from pH 6 to 8 in the absence of Mg 2ϩ . Because of line broadening above 5°C, nmr cannot be used to study these triplexes. Therefore, we turned to CD spectroscopy. Monitoring the triplex CD signature band at 215 nm, we find that in the presence of Mg 2ϩ , 7b does not begin to melt until ϳ 60°C at pH 6 (30°C for 6 and 7a) and 40°C at pH 8 (Ͻ20°C for 6 and 7a). Constructing titration curves from the CD data reveals that the apparent pK a for 7b is ϳ 8.6 which is at least 1.5 pK a units greater than 6 and 7a. These results clearly demonstrate that our cross-link can be used to stabilize higher order DNA structures.
Thermodynamic Measurements
DSC measurements were conducted to elucidate the thermodynamic consequences of modifying and constraining DNA triplexes with our disulfide chemistry. 74 Cross-linked triplexes 6 and 7a melt in a bipha- sic manner above pH 6, with the initial triplex to duplex transition (Hoogsteen strand release) occurring at lower temperatures than melting of the hairpin. In contrast, cross-linking increases the thermal stability of the Hoogsteen transition such that the triplex and hairpin duplex denature simultaneously. Model-independent thermodynamic data obtained by DSC reveals the cross-link-induced increase in triplex thermal stability corresponds to a free energy stabilization of about 3 kcal/mol, with this stabilization being entirely entropic in origin. In other words, the cross-link is enthalpically neutral, but nevertheless induces a triplex stabilization of 3 kcal/mol due to a reduction in the entropy change associated with triplex melting. To deduce the origin(s) of this entropic impact, we measured the pH and ionic strength dependence of the melting transitions. From a comparison of the melting transitions at different pH values and ionic strengths, we estimate that 0.4 more protons are associated with the cross-linked triplex state than with the uncrosslinked triplex, and 1.3 fewer counterions are released on melting the cross-linked triplex. Thus, the entropic stabilization is not solely a result of a reduction in conformationally entropy.
Dynamics Measurements
At the start of this project, it was not known whether the base pairs (Hoogsteen and Watson-Crick) that comprise triple-helical DNA open to any significant extent within a stable triplex. To address this question, the conformational dynamics of 6 and 7b were studied by 2D exchange and NOE spectroscopy, and by measuring base-catalyzed imino-proton exchange rates. 75 Under conditions that promote triplex formation (pH 6.0, 1°C), 6 and 7b exhibit a small and identical degree of conformational heterogeneity. However, at higher temperature (pH 6.0, 37°C) 6 exhibits more extensive heterogeneity than 7b. The exchange times for Watson-Crick imino protons are ϳ 1 h for both triplexes. However, the Hoogsteen base-pair lifetimes of 6 could not be measured because this sequence is conformationally labile under the alkaline conditions necessary to conduct the exchange experiments. Because of the extraordinary pH stability conferred by the cross-link, it is possible to measure the Hoogsteen lifetimes for 7b. The lifetimes of these base pairs range from about 3-370 ms. Similar to Watson-Crick base pairs, the Hoogsteen lifetimes are highest at the central region within the triplex and taper off toward the termini, which is suggestive of imino exchange mechanisms involving end effects. In all cases, the lifetime of a Hoogsteen base pair is shorter than the Watson-Crick base pair contained in the same triplet, and is consistent with the greater stability of WatsonCrick over Hoogsteen base pairs. The rate of triplex to duplex conversion for 7b at 1°C, pH 6.9, is low with an upper bound of 3.2 ϫ 10 Ϫ4 s Ϫ1 . The imino protons of 7b exchange slowly in PBS with exchange times as long as 1 h, but the base-pair lifetimes are all less than 3 min, reflecting the fact that imino proton exchange is not opening-rate limited. Because the disulfide cross-link effectively prevents conformational heterogeneity associated with pyr ⅐ pur-pyr triple helices containing C ϩ ⅐ GOC base triplets at neutral pH, constructs possessing this modification can serve as model systems to examine the structural and thermodynamic aspects of triplex formation in vitro, and to develop sequences that bind DNA with higher affinity and specificity.
APPLICATIONS OF DISULFIDE CROSS-LINKED DNA
Defining the biochemical, structural, dynamic, and thermodynamic impacts of constraining DNA with our disulfide chemistry as described above opens the way for applying these cross-links in a host of different experiments. Uses of this chemistry include, among others, the joining of large pieces of DNA or RNA through disulfide bonds for the construction of nanoscale architectures, the design of redox activated switches/devices, and the probing of secondary and tertiary structure. Below is described two representative applications of our chemistry. In the first, a disulfide bond was employed to stabilize or "trap" a DNA structure that would not be stable in its absence, and in the second, a disulfide bond was used to report on conformational transitions in a protein binding study.
Stabilizing Nonground-State Structures
In the absence of our disulfide cross-links, the molecules described in the second and third sections are themselves relatively stable with respect to conformational isomerization. In principle, however, it should also be possible to trap higher energy nonground-state structures with disulfide cross-links. Synthetic access to such constructs should be important in areas such as targeted drug delivery, protein-DNA recognition, and biophysical studies of alternate DNA geometries. We first demonstrated the practicality of using disulfide cross-links in such endeavors by trapping the Dickerson/Drew dodecamer premelting intermediate with a disulfide cross-link and studying the structural properties of this sequence.
Both d(CGCGAATTCGCG) 2 and 5a thermally denature in a biphasic manner in buffers containing [Na ϩ ] Յ 10 mM and with [DNA] Յ 50 M. 76 The first transition defines melting of the duplex to a hairpin structure while the second transition represents denaturation of the hairpin to a random coil. To cross-link the premelting intermediate, we conducted air oxidation of the sulfhydryl groups in 5b at 50°C in dilute solution in low salt buffer. 52 Unlike the stemloop intermediate produced by initial melting of the parent dodecamer, 8 does not denature as a result of increasing temperature, [Na ϩ ], or DNA concentration. 52, 77 To address the structural consequences of our cross-link, the solution-phase conformation of hairpin 8 was determined by nmr spectroscopy. 77, 78 The stem region of this hairpin forms a B-form DNA duplex with a helical rise of 3.5 Å and a helical twist of 34.6°( Figure 6 ). The first three nucleotides in the loop stack over the 5Ј end of the helix and are followed by a sharp turn at residue T8, which acts to close the loop. The conformation agrees with the "loop folding principle" advanced by Haasnoot, which predicts extension of the helix by three bases followed by a sharp bend in the loop. 79 The aromatic bases face into the major groove while the negatively charged backbone contacts solution. Significantly, the cross-link does not alter the geometry of the stem duplex.
Probes in Molecular Recognition Experiments
DNA ligands often undergo conformational changes upon binding to proteins. In the absence of x-ray data this "induced fit" can be difficult to study. In principle, the constraint imposed by the disulfide bond should provide a way to investigate conformational changes in DNA structure that occur upon protein recognition. To illustrate this point, we studied the binding of monoclonal antibody BV04-01 to disulfide cross-linked analogues of hairpins 9 -12 ( Figure 7) . 80 This anti-DNA autoantibody was isolated from an autoimmune mouse that develops a syndrome related to human lupus, and BV04-01 may be involved in the FIGURE 6 Stereoview of average structure of 8 from nmr refinement (yellow van der Waals surface: sulfur atoms; white CPK: thymidine residues that form the cross-link; green: cytosine; purple: guanosine; red: adenosine; brown: loop thymidine residues). pathogenesis of this disorder in mice. BV04-01 binds only single-stranded DNA, which can be modeled by the loop region of DNA hairpins. 80 If conformational reorganization of the hairpin ligands is required for binding, then BV04-01 should possess a lower affinity for the cross-linked sequences, since the disulfide bond renders them resistant to structural changes. However, if preorganization is important for complexation, then the more rigid oligomers should bind with equal or greater affinity than the unmodified ligands. When binding to cross-linked hairpins was measured, nearly a 100-fold increase in K d relative to 9 -12 was observed. If the weaker affinity of BV04-01 for the cross-linked molecules results from the constraint imposed by the cross-link rather than as a result of a structural perturbation introduced by the alkylthiol linkers, then removing this constraint by reduction of the disulfide bond should afford a set of ligands that bind with roughly the same affinity as the unmodified hairpins. Indeed, BV04-01 recognition of the reduced hairpins was indistinguishable from binding to 9 -12. DNA footprinting experiments showed that upon binding, residues within the duplex are recognized by singlestrand specific reagents, which provides further evidence that the stem duplex of the hairpin ligands is partially denatured.
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DISULFIDE CROSS-LINKED RNA
Small oligoribonucleotides often exist in solution as conformationally heterogeneous mixtures, particularly at high RNA concentrations. For example, at high concentrations, even rather stable RNA hairpins can dimerize. As a means to prevent such conformational equilibria, we demonstrated that the uridine analogue of T SH , U SH , can be used to generate crosslinks at the terminus of A-form duplexes (Figure 8 ). 82 As with DNA duplexes, cross-links with U SH impart considerable thermal stability to small RNA constructs and effectively prevent both concentration induced aggregation and equilibration between alternate conformations. However, stabilizing small motifs for analysis is just one utility of our chemistry as it relates to RNA. Since disulfide bond formation via air oxidation is mild and highly selective, cross-links can be used to verify theoretical models of RNA tertiary structure. By varying the length of the alkyl thiol linkers, both dynamic motions and the distance between structural elements can be investigated. In addition, because of the linkage between disulfide bond formation and RNA stability, it is possible to examine the thermodynamics of RNA folding by thiol-disulfide exchange. Last, measuring the rate at which cross-linked RNAs fold and unfold should report on the structure of tertiary folding transition states.
As a first step toward using disulfide cross-links in these ways, we synthesized a set of thiol-modified nucleosides that have proven of general utility to cross-link RNA. [83] [84] [85] With these monomers, we prepared analogues of unmodified yeast tRNA Phe possessing a single disulfide cross-link ( Figure 9 ). 83, 85 Air oxidation to form these cross-links is quantitative, and analysis of the cross-linked products by footprinting and thermal denaturation experiments demonstrates that the disulfide bridges do not alter the structure of the thiol-modified tRNAs relative to the parent sequence. We are currently using these modified constructs to address a range questions regarding the kinetics and thermodynamics of tertiary folding.
OTHER DISULFIDE CROSS-LINKED NUCLEIC ACIDS
In 1966 Lipsett showed that iodine-mediated oxidation of the two native 4-thiouridine residues in tRNA Tyr from Escherichia coli affords a unique intramolecular disulfide cross-link. 86 Although the potential of these disulfide cross-links as probes of nucleic acid structure and function was noted in this work, neither the methods to synthesize nucleic acids site specifically labeled with thiol groups, nor the biochemical and structural assays needed to analyze the cross-linked products, were available. It was not until early in 1991, several months prior to our first paper in this area, that Ferenz and Verdine reported synthesizing the first disulfide cross-linked oligonucleotide. 87, 88 Using convertible nucleoside chemistry,
FIGURE 8
Sequence of RNA tetraloop hairpin and disulfide cross-linked analogue.
FIGURE 7
Hairpin ligands for binding study.
they showed that placing N 6 -thioalkyl derivatives of 2Ј-deoxyadenosine in consecutive base pairs on opposite strands of a duplex afforded disulfide crosslinks upon air oxidation. These cross-links reside in the major groove and impart increased stability with minimal distortion of native DNA geometry. This chemistry was extended several years later to the synthesis of minor groove cross-links using modified dC residues. Verdine and co-workers have used these major and minor groove cross-links with excellent effect in variety of ways, including, studies of protein ⅐ DNA interactions, 89, 90 stabilization of intrinsically bent DNA, 91 the apparent induction of torsional stress in short oligonucleotides, 92 and cross-linking Z-DNA. 93 More recently, this chemistry has been adapted to synthesize disulfide cross-linked RNA molecules, 94, 95 thus making it possible to conduct the type of experiments described above in the fifth section.
Several other reports of incorporating disulfide crosslinks into DNA and RNA have appeared over the past few years. 32,33,96 -100 Many of the chemistries developed have allowed previously unapproachable problems to be addressed. In a very interesting study on ribozyme dynamics, Cohen and Cech demonstrated that thiol groups can be incorporated into very large RNA molecules through synthesis and ligation. 100 This ability to construct large molecules modified with thiol groups at specific residues, coupled with the fact that virtually every available position on the base and sugar can be labeled with thiol groups [82] [83] [84] [85] 94, 95, [101] [102] [103] will facilitate the continued use of disulfide cross-links in the study of RNA, and nucleic acids in general.
I wish to thank the talented group of associates who have so skillfully conducted the research in my lab described in this article. I also wish to thank K. J. Breslauer, Jens Völker, and E. R. P. Zuiderweg, whose expertise and insight into nucleic acids had formed the basis for outstanding collaborations. The worked described here was supported by NIH Grants GM-52831 and GM-43861. Funding from the National Arthritis Foundation, the American Cancer Society, the National Science Foundation, the Camille and Henry Dreyfus Foundation, and the Alfred P. Sloan Foundation is also gratefully acknowledged.
